Abstract: This study investigated the effects of an inoculant on silage fermentation, aerobic stability, and the growing and finishing performance of feedlot steers. Whole-crop barley (Hordeum vulgare L.) was chopped, wilted [350-400 g kg −1 dry matter (DM)], and ensiled without (Control) or with (Treated) a bacterial inoculant containing a mixture of Pediococcus pentosaceus, Lactobacillus plantarum, and Propionibacterium freudenreicheii (1.3 × 105 CFU g −1 forage), as well as enzymes applied to fresh forage ensiled in mini or Ag-Bag ® silos. Inoculation resulted in a pH decline (P < 0.05) from 6.0 on the day of ensiling to <4.0 after 3 d. In contrast, it required more than 20 d for the pH of the Control silage to fall below 4.0. Inoculant reduced (P < 0.05) the concentration of acetic acid and aerobic stability of silage, as evidenced by a higher (P < 0.05) temperature and pH in aerobically exposed silage. Although the inoculant accelerated pH decline during ensiling, it did not improve the growth performance (P < 0.05) or alter the carcass traits of steers. It is possible that a reduction in the aerobic stability of the inoculated silage may have contributed to this outcome.
Introduction
The inoculation of freshly harvested forage with lactic acid producing bacteria (LAB) increases the consistency of the ensiling process and the likelihood of obtaining well-fermented silage. First-generation inoculants frequently contain homolactic Lactobacillus plantarum that accelerate the post-ensiling decline in pH as a result of increased lactic acid production. However, the lactic acid produced by these inoculants can serve as a substrate for lactic acid assimilating yeasts upon exposure of the silage to air during feed-out (Woolford 1990; Inglis et al. 1999) . Consequently, second-generation silage inoculants were developed that contained heterolactic Propionibacteria spp. or Lactobacillus buchneri. In naturally fermented silages, the concentration of propionic acid and acetic acid is often too low to appreciably prevent aerobic deterioration of silage. Propionibacteria converts water-soluble carbohydrates (WSC) into propionic acid and inoculation of wheat, sorghum, or corn silages with this genus has decreased yeast and mould populations, improving the aerobic stability of silage (Filya et al. 2004) . In contrast, when Propionibacteria was applied to corn prior to ensiling, it could not be detected and there was no measurable increase in propionic acid or an improvement in aerobic stability (Weinberg et al. 1995; Filya et al. 2006) .
Studies on the effects of second-generation inoculants showed that neutral detergent fiber (NDF) digestibility was not affected across a range of silages, as these inoculants lacked the fibrolytic activity required to potentially improve ruminal fiber digestibility (McAllister et al. 1998; Filya 2003; Adesogan et al. 2009 ). The use of silage inoculants by Canadian feedlot operators is not new, but the desire to increase the digestibility of silage fiber has prompted inoculant manufacturers to include cellulolytic enzymes in these microbial additives. However, results from the utilization of these combined products have not been conclusive. Inoculation of barley silage with a first-generation inoculant containing strains of Pediococcus, Lactobacillus, and Enterococcus spp. had no effect on growth performance of steers, but when added along with a cocktail of exogenous fibrolytic enzymes, feed efficiency was improved (Zahiroddini et al. 2004 ). In contrast, Schaefer et al. (1989) found no effect of inoculant containing similar bacterial species and exogenous enzymes on the growth performance of growing steers fed corn silage.
This study investigated the effects of a silage inoculant containing a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, and Propionibacterium freudenreichii along with a cocktail of cell-wall-degrading and amylase enzymes on the fermentation and aerobic stability of barley silage, and on the growth performance of growing and finishing feedlot steers.
Materials and Methods

Forage and silage production
Barley forage (Hordeum vulgare L.; Agri-Core United, Winnipeg, MB, Canada) was swathed at the soft dough stage of grain maturity on 6 August 2006 and wilted in the field (350-400 g kg −1 DM) at the Lethbridge Research and Development Centre (Lethbridge, AB, Canada). The forage was then chopped to a theoretical length of 0.9 mm using a John Deere 6610 forage harvester (John Deere, Moline, IL, USA). The chopped forage was then delivered by two trucks to Ag-Bags ® silos with forage being sampled from each truck load. Samples were pooled (~180 kg), thoroughly mixed, and ensiled in mini silos where silage fermentation traits were determined and the terminal silage was used to assess aerobic stability. Barley forage ensiled in Ag-Bag ® silos was used to feed growing and finishing steers in a feedlot experiment. Ensiling of barley forage in the mini and Ag-Bag ® silos was done concurrently.
Mini-silo experiment
Chopped barley forage collected for the mini-silo experiment was divided into six 25-kg lots and spread on separate clean plastic sheets. Each lot was then hand-sprayed with deionized water (Control) or an equivalent volume of the inoculant according to the manufacturer's instructions. The bacterial inoculant (BiotalPlus ® ; Biotal Canada, Niagara-on-the-Lake, ON) contained Pediococcus pentosaceus 12455, Lactobacillus plantarum 12422, and Propionibacterium freudenreicheii R2453, as well as a cocktail of enzymes (amylase, amyloglucosidase, cellulase, and hemicellulase) and nutrients (dextrose, whey protein, yeast extract, and trace elements). Information on the enzyme activities was considered proprietary and could not be disclosed; however, these enzymes were expected to enhance fiber hydrolysis during ensiling and increase fiber digestibility in the rumen. The inoculant was applied so as to deliver 1.2 × 10 5 colony-forming unit (CFU) of LAB and 1 × 10 4 CFU of Propionibacteria per gram of fresh forage (Treated). Viability and label levels of the bacteria in the inoculant were confirmed prior to use.
Details of the mini-silo filling procedure have previously been described (Addah et al. 2012a (Addah et al. , 2014 . Briefly, approximately 3.0 kg of each of the processed forages were placed into each triplicate labelled polystyrene mini silo (10.4 cm diameter × 35.6 cm height) and compressed (~240 kg m −3 ) using a hydraulic press. The silos were stored at room temperature (~20°C) and opened after 1, 2, 3, 7, 14, and 45 d of ensiling for determination of fermentation characteristics (Table 1) and aerobic stability. For measurement of aerobic stability, subsamples of silage (~1.2 kg) obtained from triplicate mini silos opened on the final day (d 45) of ensiling from each treatment were pooled, thoroughly mixed, and placed into separate triplicate 4-L insulated containers (13.5 cm diameter × 30.9 cm height) per treatment. The containers were covered with two layers of cheesecloth and stored at ambient temperature (18-20°C). Two Dallas Thermochron iButtons (Embedded Data Systems, Lawrenceburg, KY, USA) were embedded in the silages at depths of~9.0 and~18.0 cm to record temperature every 15 min. An additional two iButtons were placed in the room where the silos were stored to record ambient temperature every 15 min. Data from the iButtons were downloaded after 1, 3, 7, 14, and 28 d of aerobic exposure for assessment of aerobic stability. Aerobic stability was defined as the number of hours that the temperature of the exposed silage remained 2°C below ambient temperature (Kung et al. 2004 ).
Growing and finishing cattle experiments
Chopped forage delivered concurrently by the two trucks to two separate Ag-Bag baggers (Ag-Bag, a Miller-St. Nazianz, Inc. Co., St. Nazianz, WI, USA) was either sprayed (AG Spray Equipment, Hopkinsville, KY, USA) with water (Control) or with an equal volume of inoculant solution at a rate of 1 L t −1 (Treated) to achieve the same concentration of bacteria (1.2 × 10 5 CFU of LAB per gram of fresh forage) and application of enzymes as in the mini-silo experiment. Solutions were applied using All-Terrain Vehicle (ATV) sprayers (AG Spray Equipment, Hopkinsville, KY, USA) just prior to the forage being compressed into each Ag-bag ® silo (3.0 m × 45.7 m; Ag-Bag Int. Ltd., Warrenton, OR, USA). Trucks delivered their loads to alternate baggers in an effort to avoid any effect of harvest location on forage quality. One Ag-bag ® of approximately 100 t of forage was prepared for each treatment (Control or Treated) with both bags remaining sealed for 60 d of ensiling. The silos were opened and the silages were used to formulate two silage-based diets (Control or Treated) for growing cattle as shown in Table 2 . Forty Angus × Hereford crossbred steers (~238 ± 1.65 kg; mean ± SD) purchased from a local auction market were transported to the individual barn at the Lethbridge Research and Development Centre (Lethbridge, AB, Canada) and injected with 4 mL PotenADE (Rogar/StB Inc., London, ON, Canada) and 3 mL Dystosel (Zoetis, Lee's Summit, MO, USA) upon arrival. Each steer was also vaccinated with combined clostridial Bacterin-Toxoid (Tasvax-8, Coopers Agropharm Inc. Ajax, ON, Canada) and Bovine Rhinotracheitis-Parainfluenza 3 Vaccine (ResVac2, Zoetis, Lee's Summit, MO, USA). Steers were randomly assigned to Control or Treated barley silage-based diets (n = 20) in a completely randomized design and housed in individual pens (3.0 m × 4.0 m) throughout the growing and finishing periods and bedded with wood shavings. Diets were prepared daily as a total mixed ration (TMR) and steers were fed for an 84-d growing period. After this, steers were gradually transitioned from the growing diet to a finishing diet by replacing 100 g kg DM of barley grain DM every third day. The resulting finishing diet contained 180 g kg −1 DM barley silage, 800 g kg −1 DM steamed-rolled barley grain, and 20 g kg −1 DM of a mineral-vitamin supplement that was fed for an additional 120 d. A Calan Data Ranger (American Calan, Northwood, NH, USA) was used to mix silage, barley grain, and supplement daily. Steers had free access to feed and water with fresh feed provided once daily (09:00). The same lot of ingredients was used for both growing and finishing diets. Diets were formulated to meet or exceed the nutrient requirements for growing and finishing steers (NRC 1996). Note: Significant differences between Control and Inoculated silages are indicated by different letters in italic type within a row (P ≤ 0.05).
a Whole-crop barley silage was treated at ensiling without or with a bacterial inoculant (BiotalPlus ® ; Biotal Canada, Niagara-on-the-Lake, ON) containing Pediococcus pentosaceus 12455, Lactobacillus plantarum 12422, and Propionibacterium freudenreicheii R2453, and a cocktail of exogenous enzymes (amylase, amyloglucosidase, cellulase, and hemicellulase) and nutrients (dextrose, whey protein, yeast extract, and trace elements) at a combined rate of 1.2 × 10 5 CFU of lactic acid producing bacteria per gram of fresh forage. b SEM is pooled standard error (n = 3).
Steers were weighed without fasting on two consecutive days at the beginning and end of both growing and finishing experiments with the average of the consecutive initial weights used to estimate initial weight and the average of the consecutive final weights to estimate final weight. All steers in both growing and finishing experiments were handled and cared for in a manner consistent with guidelines set by the Canadian Council on Animal Care (2009).
The amount of feed offered was recorded daily and orts were collected daily, weighed, and sampled for DM determination before being discarded. The TMR was sampled every week and samples were frozen. The frozen sample were pooled within treatment over 28-d intervals and freeze-dried for subsequent chemical analysis. Silage and orts DM were also monitored weekly throughout the experiment, but DM contents were sufficiently uniform that adjustment in diet composition was not necessary. Steers were weighed at 28-d intervals and the DM of the TMR offered and the orts collected daily were used to calculate daily dry matter intake (DMI). DMI, average daily gain (ADG), and feed efficiency, expressed as weight of DMI per body weight gain, were estimated for the 84-d growing and 120-d finishing periods separately.
At the end of the finishing period, steers were weighed unfasted and transported to a commercial abattoir where they were slaughtered and hot carcass weight was measured and recorded. The hot carcass weights were recorded with kidney, heart, and pelvic fats removed. The carcass was chilled for 48 h at 1°C and the interface between 12th and 13th ribs was assessed by a single trained grader for quality grades (Prime is slightly abundant marbling, AAA is small marbling, AA is slight marbling) according to the Canadian Beef Grading Agency standards (CBGA 1996) . The longissmus muscle (rib eye) area, the cross-sectional area between 12th and 13th ribs, and fat covering were also measured and recorded. Back-fat thickness was measured as the amount of fat opposite the rib eye at the cut surface between 12th and 13th ribs (Drakes 2004) . Saleable meat, as the proportion of carcass that could be commercially sold, was calculated as the weight of bone-in cuts trimmed to a desired fat level and expressed as a percentage of warm carcass weight.
Microbial analyses
For microbiological analyses, fresh whole-crop barley forage or silage (10 g) were added to 90 mL of sterile 70 mM potassium phosphate buffer (pH = 7.0). The mixture was agitated for 60 s at 260 rev min −1 in a Stomacher 400 Laboratory Blender (Seward Medical Limited, London, UK). The resulting suspension was serially diluted (10 −2 to 10 −7 ) and 100-μL aliquots of each dilution were plated in triplicate onto semi-selective lactobacilli media (de Man-Rogosa-Sharpe, MRS; Oxoid, Basingstoke, Hampshire, UK) amended with 200 μg mL −1 of cycloheximide (Sigma-Aldrich, St. Louis, MO, USA) for enumeration of LAB (Hill and Hill 1986) . Yeasts populations were enumerated on Sabouraud's dextrose agar (SDA; Difco, Detroit, MI, USA) amended with 100 μg mL −1 each of tetracycline and chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA). Lactobacilli MRS agar plates were incubated at 37°C for 24-48 h and SDA plates were incubated at ambient temperature (~22°C) for 72 h. Colonies were counted from plates containing a minimum of 30 and a maximum of 300 colonies.
Chemical analyses
Dry matter of the fresh forage, silage samples, and TMR was determined by drying at 60°C for 48 h in a forced air oven. For chemical analyses, 15 g of fresh forage or silage was mixed with 135 mL of distilled water and the mixture was blended in a Waring blender (Waring Commercial, Torrington, CT, USA) for 30 s and filtered through two layers of cheesecloth (grade 50; Fisher Scientific Co, Pittsburgh, PA, USA). The pH of the filtrate was measured immediately with a Symphony pH meter (VWR, Mississauga, ON, Canada) and the filtrate was divided into two portions. One portion was immediately placed on ice for 30 min and then centrifuged (17 000 × g, 20 min, 4°C). The resulting supernatants were immediately analyzed for WSC by the ferricyanide method (Snell and Snell 1953) as described by Hristov et al. (1997) .
The second portion of filtrate was centrifuged for 15 min at 10 000 × g (4°C) and the supernatant was collected for analysis of volatile fatty acids (VFA), lactic acid, and NH 3 -N. For VFA, 1.5 mL of the supernatant was deproteinized with 0.3 mL of 25% (w/v) metaphosphoric acid, combined with 0.2 mL of 0.1 M crotonic acid as an internal standard, and analyzed using a Hewlett Packard model 5890A Series Plus II gas-liquid chromatograph (Hewlett Packard Co., Palo Alto, CA, USA) equipped with a 30-m Zebron free fatty acid phase fused silica capillary, 0.32-mm i.d., and 1.0-μm film thickness column (Phenomenex, Torrance, CA, USA). For lactic acid, 400 μL of the deproteinized sample was combined with 50 μL of 3 mM malonic acid (5 mg mL −1 ) as an internal standard. Lactic acid was methylated and then quantified using the method of Kudo et al. (1987) on the same column and chromatograph used for VFA analysis. For NH 3 -N, 1.6 mL of the supernatant was combined with 0.15 mL of 65% (w/v) trichloroacetic acid and analyzed by the phenol-hypochlorite method as described by Broderick and Kang (1980) . For starch composition of the TMR, samples were freeze-dried and ball-ground using a Pulverisette 7 micro mill (Fitsch GmbH, Idar-Oberstein, Germany). Starch was determined after hydrolysis to α-glucose polymers by amyloglucosidase (Megazyme Int. Ltd., Wicklow, Ireland) in combination with a 1,4-α-D-glucan glucanohydrolase (Brennfag Canada Inc., Toronto, ON, Canada) as described by Herrera-Saldana et al. (1990) . Samples were read on a Thermo Scientific Appliskan ® 1.437
(SkanIt Software 2.3 RE) microplate reader (Thermo Scientific, Hudson, NH, USA) at a wavelength of 490 nm. For determination of crude protein (CP), lyophilized TMR samples were ground in a Pulverisette 7 micro mill (Fitsch GmbH, Idar-Oberstein, Germany) and subject to combustion analysis for measurement of total N (Dumas Nitrogen) using an NA1500 Nitrogen/Carbon analyzer (Carlo Erba Instruments, Milan, Italy). Crude protein was calculated as N × 6.25.
Subsamples of the fresh forage, silage, or TMR were stored at −20°C until lyophilized and ground through a 1-mm screen for analysis of NDF and ADF using an Ankom 200 system (Ankom Technology Corporation, Fairport, NY, USA). Neutral detergent fiber was analyzed with the addition of sodium sulfite and α-amylase and expressed inclusive of residual ash, whereas ADF was analyzed without α-amylase and expressed inclusive of residual ash. Nitrogen in ADF residues (ADIN) was measured as described above for N analysis.
Data and statistical analysis
Data on the mini silo and growth performance studies were analyzed as a completely randomized design using the MIXED procedure of SAS (SAS Institute Inc. 1991).
For the mini-silo experiment, mini-silo and aerobic stability data were analyzed by covariance analysis, with day as a repeated measure and with inoculation (T), day (D), and inoculation × day (TD) in the model as follows:
where Y ijk is the observation (pH, chemical, or microbial data), μ is the overall mean effect, T i is the effect of inoculation (Control or Treated), D j is the day of ensiling or aerobic exposure, TD (ij) is the effect of inoculation × day interaction, and e ij is the effect of residual error.
For covariance analysis of mini-silo data, five covariance structures (heterogeneous compound symmetry, autoregressive order one, heterogeneous autoregressive order one, unstructured, and unstructured order one) were evaluated for each variable, with the covariant structure yielding the lowest Akaike's and Bayesian information criteria value being selected for presentation and discussion of results.
The mini silo (n = 3) and 4-L insulated containers (n = 3) with aerobically exposed silages were used as experimental units for fermentation and aerobic stability parameters, respectively. Data on microbial counts were log-transformed to log 10 CFU g −1 DM of forage or silage prior to statistical analysis. For the growing and finishing experiments, data (DMI, ADG, and feed efficiency) were analyzed as a completely randomized design with pen as the experimental unit in the model because all steers were housed individually. The model for the growth-performance study during the growing or finishing experiment is shown below:
where Y ij is the observation during the growing or finishing experiment (DM intake, ADG, feed efficiency), μ is the overall mean effect, T i is the effect of inoculation (Control or Treated), and e ij is the effect of residual error. Differences between least-square means were considered significant at P ≤ 0.05.
Results
Mini-silo experiment
The chemical and microbial compositions of barley forage prior to inoculation and after 45 d of ensiling is presented in Table 1 . Although inoculation did not affect the terminal pH of silage, it affected the rate of pH decline (Fig. 1) . The pH of the Treated silage declined (P < 0.05) from 6.0 on the day of ensiling to <4.0 after 3 d of ensiling, whereas it took more than 20 d for the pH of the Control silage to fall below 4. The lower (P < 0.05) pH of the Treated silage compared with the Control on d 3 and 7 (Fig. 1) corresponded with the decline in WSC during the same period (data not shown).
Compared with fresh forage, ensiling of barley forage in mini silos increased the concentration of NH 3 -N and lactic acid, as well as decreased the pH and yeast populations, in both Treated and Control silages (Table 1) . Inoculation helped preserve the concentration of WSC (42.7 vs. 29.1 g kg −1 DM; P < 0.05) in silage and lowered (P < 0.05) the concentrations of acetic and succinic acids, without altering the concentration of propionic acid. Populations of LAB, yeasts, and moulds were generally similar (7.5 vs. 7.2 CFU g −1 forage) in fresh forage.
Numbers of LAB in terminal silage were increased (P < 0.05) by inoculation, but yeasts and moulds declined after 45 d of ensiling, but were notably higher (P < 0.05) in Control than in Treated silage. Upon aerobic exposure, there was a dramatic increase in the pH of Treated silage, whereas the pH of the Control silage remained below 4.0 during the entire period of aerobic exposure. The pH of Treated silage only started to rise after 3 d and reached 8.2 after 28 d of exposure (Fig. 2a) . Both the Treated and Control silages remained stable (2°C below ambient) during the first 8 d of aerobic exposure. Thereafter, the temperature of the Control silage remained below ambient for the entire period of aerobic exposure, whereas that of the Treated silage rose above ambient temperature (Fig. 2b) , peaking at 28°C on d 18 in tandem with the rise in pH (Fig. 2a) . The population of yeasts and moulds in the Treated silage increased from 5.4 CFU g −1 silage on the first day of aerobic exposure to 8.6 CFU g −1 silage on day 14, whereas numbers in the Control silage never exceeded 3.0 CFU g −1 silage. ; Biotal Canada, Niagara-on-the-Lake, ON) at a combined rate of 1.2 × 10 5 CFU of lactic acid producing bacteria per gram of silage. Asterisks indicate days of ensiling when the Treated silage differed (P < 0.05) from the Control. Fig. 2 . Effect of inoculation of whole-crop barley silage on changes in (a) pH and (b) temperature of silages exposed to air for 28 d. Control whole-crop barley silage was treated at ensiling with deionized water, whereas the treated silage was treated with a bacterial silage inoculant containing a cocktail of exogenous enzymes (amylase, amyloglucosidase, cellulase, and hemicellulase) and nutrients (dextrose, whey protein, yeast extract, and trace elements) (BiotalPlus ® ; Biotal Canada, Niagara-on-the-Lake, ON) at a combined rate of 1.2 × 10 5 CFU of lactic acid producing bacteria per gram of silage. Where visible, vertical bars indicate standard errors for least-square means. Asterisks indicate days on which the Treated and Control silages differed (P < 0.05). Table 3 shows DMI and growth performance of steers during the growing and finishing stages. Inoculation did not affect (P > 0.05) the DMI, growth performance, or carcass traits of steers. The one exception was that feed efficiency was reduced (P < 0.05) for finishing steers fed the Treated silage. Steers on the Control diet consumed numerically less feed (0.2 kg d −1 ) and tended (P = 0.08) to gain more weight (0.1 kg d −1 ) than steers fed the Treated silage diet during finishing.
Discussion
Mini-silo experiment
Forages treated with homolactic bacteria prior to ensiling usually produce silage with a lower pH and a higher concentration of lactic acid, but lower concentrations of acetic acid and NH3-N (Muck and Kung 1997). In the present study, the Treated silage had lower lactic acid and acetic acid concentrations compared with the Control silage. At a lower pH, some LAB including L. plantarum (Lindgren et al. 1990 ) and L. buchneri (Driehuis et al. 2001; Nishino et al. 2004) begin to convert the initially accumulated lactic acid into acetic acid when pH of the silage falls below 4.3 to reduce the acidity of the medium so that the LAB are not denatured. This is because acetic acid is a weaker acid (pK a = 4.8) compared with lactic acid (pK a = 3.9). This phenomenon will, however, often result in lower lactic acid and high acetic acid in inoculated compared with uninoculated silage, but this was not observed in the present study. The concentration of propionic acid did not differ between treatments. It was expected that inclusion of Propionibacteria spp. in the inoculant would increase the production of propionic acid in Treated silage. Even Note: Significant differences between Control and Treated silages are indicated by different letters in italic type within a row (P ≤ 0.05).
a Whole-crop barley silage was treated at ensiling without or with a bacterial inoculant (BiotalPlus ® ; Biotal Canada, Niagara-on-theLake, ON) containing Pediococcus pentosaceus 12455, Lactobacillus plantarum 12422, and Propionibacterium freudenreicheii R2453, and a cocktail of exogenous enzymes (amylase, amyloglucosidase, cellulase, and hemicellulase) and nutrients (dextrose, whey protein, yeast extract, and trace elements) at a combined rate of 1.2 × 10 5 CFU of lactic acid producing bacteria per gram of fresh forage.
b SEM is pooled standard error (n = 20). c Quality grade is defined as 1 (A), 2 (AA), and 3 (AAA) based on the CBGA (1996). though both acetic acid and propionic acid have inhibitory effects on the growth of yeasts and moulds, a combination of these acids has been proven to be the most effective approach to improve the aerobic stability of silage (Moon 1983 ). Theoretically, Propionibacteria should convert WSC to propionic acid during ensiling, but studies have failed to detect Propionibacteria after they were applied to corn or sorghum forage with only a negligible increase (0.70-0.9 g kg −1 DM) in the concentration of propionic acid (Filya et al. 2006) . Higginbotham et al. (1998) also showed that the addition of Propionibacteria acidipropionici either alone (1 × 10 5 CFU g −1 fresh forage) or in combination with
Pediococcus cerevisiae (3 × 10 5 CFU g −1 fresh forage) had little effect on pH or the concentrations of lactic acid and propionic acid in corn silage and failed to improve its aerobic stability. Others have concluded that the acidic environment in silage is unfavourable for the survival of Propionibacteria (Weinberg et al. 1995) . In contrast, inoculation of wheat, sorghum, or corn silages with Propionibacteria increased acetic acid and propionic acid concentrations and improved aerobic stability by decreasing yeasts and mould populations (Filya et al. 2004) . It thus appears the effects of Propionibacteria inoculants on fermentation may be dependent on the type of forage being ensiled. Kung and Ranjit (2001) found that corn silage inoculated with L. buchneri alone contained higher concentrations of both acetic and propionic acid than silage treated with a mixture of L. plantarum, P. pentosaceus, and P. freudenreichii. The ability of L. buchneri to more consistently improve the aerobic stability of silage through elevated acetic acid levels has resulted in it being more commonly included in mixed inoculants than Propionibacteria spp. In this study, the pattern of decline in silage pH was similar to the decline in WSC concentration (data not shown) in the silages during the first 15 d of ensiling, indicating that WSC were being used as the carbon source for the production of fermentation acids. Lactobacilus plantarum is the primary fermenter of WSC to lactic acid and its activity is often greatest during the first 7 d of ensiling, accounting for the higher initial concentration of lactic acid and accompanying rapid decline in pH of silages compared with silages ensiled without this bacterium (Addah et al. 2012a) . The accelerated rate of post-ensiling pH decline was associated with an increase in the production of lactic acid and a decrease in the numbers of yeasts and moulds. It was expected that because the inoculant contained a mixture of enzymes, including cellulases and hemicellulases, the NDF concentration would be lower in the Treated silage. However, the inoculant did not affect the concentration of these components. Previous researchers have reported that treatment of Bermuda grass with exogenous enzymes before ensiling had no effect on the concentration of NDF or plant phenolic acids, whereas microbial inoculants decreased fiber concentration (Mandebvu et al. 1999 (Woolford 1990; McAllister et al. 1995) . As discussed above, the concentration of inhibitory organic acids such as acetic acid and propionic acid can also influence the growth of spoilage yeasts and moulds (Moon 1983) . In cereal silages, yeasts are the initiators of silage deterioration (Woolford 1990 ) with 10 5 CFU g −1 DM silage being considered the threshold for spoilage (Woolford 1990 ). Muck and Pitt (1994) predicted a yeast population of 3 × 10 8 CFU g −1 silage as the threshold population that induces a temperature increase in aerobically exposed silage. Considering that the population of yeasts and moulds in Treated silage did not reach this threshold, its reduced aerobic stability may be attributable to its lower acetic acid and higher lactic acid and WSC concentrations (Addah et al. 2011 ).
Growing and finishing experiments
The ultimate value of silage inoculants is best assessed by measuring the impacts of these additives on the productivity of ruminants. When improvements are observed, they are often mediated through increases in DMI or improvements in digestibility of the silage (Woolford 1984) . The higher concentration of WSC in the Treated silage suggests a greater availability of readily fermentable energy for ruminal microbial growth that should have translated into improvements in the growth performance of steers, but such improvements were not observed. Inoculation of perennial ryegrass with L. plantarum and Enterococcus faecium increased silage intake, but this was attributed to a homolactic pattern of fermentation in the silage as opposed to an improvement in digestibility and as a result no significant improvement in ADG was noted (Sharp et al. 1994 ). However, in other studies, inoculation of grass silage improved silage DM and NDF digestibility with or without significant shifts in pH, NH3-N, or acetic acid concentrations. Even though inoculation did not alter DMI or feed efficiency during the growing period, feed efficiency was reduced during the finishing period. The reduced stability of Treated silage during feed-out could have lowered the nutrient value of barley silage by reducing the levels of WSC in the diet. The depletion of potentially digestible nutrients during aerobic exposure has been found to decrease the nutritive value of corn and sorghum silages by as much as 16% compared with their value at the time of silo opening (Tabacco et al. 2011) . However, such an explanation does not seem plausible in the present study, especially when one considers that the level of barley silage in the finishing diet was four times lower than that in the growing diet. Furthermore, the decline in feed efficiency during the finishing period with steers on the Treated silage was related more to an increase in DMI as opposed to a decline in ADG.
First-and second-generation silage inoculants have no fibrolytic activity and therefore are not expected to increase fiber digestibility. However, the secondgeneration silage inoculant used in the present study contained exogenous enzymes, yet no improvement in growth performance or feed efficiency was detected. When barley silage was inoculated with Pediococcus and Lactobacillus, no improvements in growth performance was observed, but inclusion of an exogenous cocktail of fibrolytic enzymes in the inoculant increased the feed efficiency of growing steers (Zahiroddini et al. 2004) . The complexities of the mechanisms by which silage inoculants mediate improvements in animal performance are not well elucidated. In our recent studies with fibrolytic silage inoculants, inoculation improved NDF digestibility (Addah et al. 2012b ) and the feed efficiency (Addah et al. 2012a ) of growing steers, but failed to elicit a similar response at the finishing stage (Addah et al. 2014) . Undoubtedly, responses in growth performance to silage inoculants may be influenced by the level of silage that is included in the diet. Considering the relatively low level of silage in the finishing diet, it is unclear as to why inoculation resulted in a decline in feed efficiency, but one can conclude that the presence of enzymes in the inoculant did not offset this negative response through an improvement in fiber digestibility.
Conclusions
It was expected that the inclusion of P. freudenreicheii R2453 in the inoculant would increase the concentration of propionic acid in barley silage. However, inoculation had no effect on the concentration of propionic acid and reduced the concentration of acetic acid in barley silage. The aerobic stability of the Treated silage was reduced as evidenced by the high temperature and pH of the silage during aerobic exposure. Inoculation had no effect on growth performance of steers during either the growing or finishing phase except that feed efficiency was reduced during the finishing experiment. The present study further confirms that even though silage inoculants are now being widely used by most commercial feedlots, the difficulty of conclusively unraveling the mechanisms by which inoculated silages could induce improvements in the growth performance of feedlot cattle still remains a challenge.
